Polarization of electric double layers of colloidal rods due to an external alternating electric field is found to give rise to several phase/state transitions. Various phases and states are observed depending on the frequency and amplitude of the external electric field: (i) non-chiral nematic domains (N -domains) in coexistence with an isotropic phase,
Introduction The response of materials containing rod-like molecules to external electric fields has been studied extensively. These studies are almost entirely concerned with molecules that are either dielectrically polarizable or have a permanent dipole moment, such as thermotropic liquid crystals and electro rheological fluids. The response of thermotropic liquid crystalline materials to electric fields is due to dielectric polarization or the coupling of a permanent dipole of the molecules to the external field. An overview of the large body of literature on thermotropics in electric fields and a discussion of the mechanisms for these materials can be found in the book of de Gennes and Prost [1] . Double-layer polarization plays no role in thermotropics but can be important for lyotropic colloidal materials. Experiments on lyotropic colloidal materials are usually done at very high frequencies (in the kHz−MHz range) [2] , [3] , [4] .
For such high frequencies, the double layer can not respond and is therefore unaffected by the external field. In this case the core of the colloidal particles is dielectrically polarized. Polarization of electric double layers in lyotropic materials has rarely been addressed. There are no studies so far on phase/state transitions of colloidal suspensions in external alternating electric fields due to double-layer polarization. The present Letter describes phase/state transitions of rod-like colloids with extended double layers in oscillating electric fields with low frequencies (up to 5 kHz), which are due to interactions of polarized double layers and possibly the accompanied electro-osmotic flows.
A few experimental studies are reported on colloidal dispersions of rods at lower frequencies where interactions between polarized double-layers are important [5] , [6] . In Ref. [5] , relatively dilute dispersions (up to a few times the overlap concentration) of rod-like colloids (fd-virus suspensions) have been investigated by means of birefringence for various, very low ionic strengths.
Mixtures of charged colloidal spheres and rods are studied in Ref. [6] . In both studies an "anomalous" alignment of the rods perpendicular to the electric field is found as soon as colloid-colloid interactions become relevant. The mechanism leading to this anomalous orientation is still unclear. Both direct interactions between polarized double layers and hydrodynamic interactions through electro-osmotic flows [7] can be important. A possible mechanism for anomalous orientation of single flexible rods is suggested in Ref. [8] : hydrodynamic friction of flexible rods is minimized when they orient perpendicular to the electric field. For the above mentioned experiments, however, interactions between colloids seem to be essential for the anomalous behaviour. These interactions are also responsible for the zigzag-patterns observed in suspensions of colloids and polyelectrolytes in very thin cells at high field strengths and low frequencies [9] . These patterns are due to confinement effects that are absent in the bulk experiments in Refs. [5] , [6] . The experiments described in this Letter are also concerned with bulk properties.
Experimental Details The colloidal system we use consists of solutions of fd-virus particles at a low ionic strength (a TRIS/HCl buffer of 1.6 × 10 −4 M, corresponding to a Debye length of 25 nm). The ionic strength is set by the concentration of the buffer solution against which the suspensions are dialyzed for at least one day. Fd-viruses are stiff, rod-like colloids with a length of 880 nm and a core-thickness of 6.7 nm. Two concentrations are systematically studied, 2.0 mg/ml and 2.8 mg/ml. These concentrations are ∼ 30 times larger than the overlap concentration. The phase behaviour of fd-virus suspensions at higher ionic strengths, larger than 5 mM, in the absence of an external field has been thoroughly investigated in
Refs. [10] , [11] , [13] . At these higher ionic strengths a phase transition from isotropic to chiral nematic is observed at fd concentrations that monotonically increase with increasing ionic strength. A non-chiral nematic state is not observed. Extrapolation of the lower binodal concentrations for isotropic/chiral-nematic coexistence as a function of ionic strength as reported in Refs. [10] , [11] , [13] down to 1.6 mM gives 3.2 mg/ml. Surprisingly, we found a non-chiral nematic state above a fd concentration of 1.5 mg/ml (up to 4.0 mg/ml, which is the largest concentration that we probed). No chiral-nematic state without an electric field could be found in the absence of an electric field at this low ionic strength. It thus seems that the large extent of the double layer screens the chiral structure of the core of the fd strand, and thus prevents the formation of a chiral nematic state.
In our experiments we use commercially available, custom-designed high resistance indium- The phase behaviour under electric fields is investigated for fd-virus concentrations of 2.0 and 2.8 mg/ml. The phase diagrams in the field-strength versus frequency plane for these two fd concentrations are given in fig.1 . For both concentrations, at low frequencies (say 10 Hz) the following transitions are found on increasing the applied electric field amplitude. At zero field and low field amplitudes, the above mentioned coexistence of N-domains of non-chiral nematic ordering and isotropic regions is observed. For brevity, we will refer to this state as the N-phase and to the non-chiral nematic domains as N-domains. A typical image of the Nphase is given in fig.2 (left-top) . On rotation of the polarizers, a considerable part of the black regions in fig.2 (left top) remain black. This phase is also found without an external field, where there is no preferred direction of domain orientation. Since the probability for a coincidental homeotropic orientation is therefore small, and a considerable part of the black region remains black on rotation of the polarizers, we conclude that this phase is an isotropic-(non-chiral) nematic coexistence. The black regions that remain black upon rotation of the polarizers are therefore isotropic, except for the very few nematic domains that happen to have a homeotropic orientation. As can be seen from fig.1 , above a threshold field strength, a transition is observed, where, in addition to the existing N-domains, a "stripe pattern" is formed, of which a typical morphology is shown in fig.2 (right-top) . The stripe pattern can be either a smectic or chiralnematic phase. For a smectic phase, the pitch is of the order of the length of a single rod, which is less than 1 micron for fd virus. However, the observed the pitch is always much larger (at least 10 times larger) as compared to the length of the rods. The stripe pattern can therefore be identified as a chiral-nematic state which will be referred to as the N * -state. The same chiral-nematic state is also observed in the absence of an electric field at higher ionic strengths [10] , [11] , [13] . The chiral-nematic texture extends beyond the N-domains and is not fig.2 (left-bottom) . The size of N-domains continuously decreases on increasing the field strength. At even higher field amplitudes, the chiral-nematic texture melts, and at the same time the N-domains dissolve and are reformed very slowly (on a time scale of tens of seconds). This dynamic state is referred to as the D s -state (where "s " stands for slow).
A typical instantaneous morphology of the D s -state is given in the right-bottom image in fig.2 .
The time for a N-domain to dissolve/reform becomes shorter up to a field strength beyond which it hardly changes anymore. The location in the phase/state diagram beyond which the dissolve/reform time is essentially constant (of the order of a second) is indicated by the upper dashed line in the phase diagram in fig.1 . The dynamical state above this transition line is referred to here as the D f -state (where "f " stands for fast).
In order to quantify the N-to-N * -and the N * D -to-D s -transition, we performed optical pitch measurements and Dynamic Light Scattering (DLS) experiments, respectively.
The variation of the measured π-pitch in the N * -and N * D -phases as a function of the field amplitude for a fixed low frequency of 10 Hz is shown in fig.3 . The pitch is simply measured directly from microscopy images. We did not use Fourier transformation, due to the observed large spread in the measured pitch. Just above the N-to-N * transition line (at 1.1 V /mm), there is a strong variation in the measured pitch, from about 32 µm to 12 µm. The measured π-pitch is actually the projected pitch of chiral-nematic textures that may not be aligned perpendicular to the electric field. The large spread in the measured pitch at low field strengths may be due to the fact that there is a broad distribution of the orientation of the chiral-nematic director. The largest measured pitch corresponds to a chiral-nematic director that is perpendicular to the electric field, and is the true pitch of the chiral-nematic. The solid line in fig.3 is a guide-to-theeye for the true pitch as a function of the field strength. Note that the pitch seems to diverge at the N-to-N * transition, and saturates at higher field amplitudes to about 10 µm, where also the variance of the pitch becomes smaller as compared to low field strengths. The latter indicates that the preferred orientation of the chiral-nematic director is perpendicular to the external field. This complies with the negative birefringence found in Ref. [5] . As can be seen No birefringence is observed, which implies that this state is isotropic. We shall therefore refer to this phase as the I-phase, standing for the "isotropic phase".
As can be seen from the phase diagram in fig.1a for the fd concentration of 2.0 mg/ml, interestingly, all phase-transition lines merge into a "non-equilibrium critical point" (located at about 300 Hz and 4.5 V /mm). For the higher fd concentration of 2.8 mg/ml, this "crit- ical point" is located at a somewhat higher frequency and at a higher field amplitude (see fig.1b ). Measurements beyond field amplitudes of 10 V /mm are not included, since these may be affected by heat production. For field amplitudes larger than the "critical amplitude", the In order to quantitatively describe the observed phases and dynamical states, a theory should be developed that includes an analysis of (i) the double-layer polarization due to the external field, (ii) interactions between rods arising from double-layer polarization and the accompanied electro-osmotic flows, and (iii) the phase behaviour that is a consequence of such interactions. As yet such a theory for double-layer polarization induced phase/state transitions does not exist. Part of the above described transitions can be understood qualitatively as follows. Consider first a weak, zero-frequency electric field. In this case, ion currents are small so that ions reside within the double layer for relatively long times. During the relatively long time needed for an ion to pass an fd-virus particle, it responds to the electric field imposed by the surface charges of the fd-virus particle. This leads to slight polarization of the double layer. For such low field strengths, the field-induced dipole moment will increase with increasing field strength. The dipolar interactions enhance the tendency of rods to align and re-orient, where electro-osmotic flows might also play a role. At sufficiently high degree of orientational order, the chiral-nematic structure of the cores of the individual rods leads to a stable chiralnematic state. At higher field strengths, however, ion velocities are large, so that ions reside in the vicinity of an fd-virus particle for a relatively short time. The ions can therefore not respond to the field imposed by the surface charges of the rods so that the double-layer is destroyed. This explains melting of the chiral-nematic phase on increasing the field strength at higher field amplitudes and low frequencies. On subsequently increasing the frequency, this molten state will transit to a chiral nematic again. The reason for this is that ions will reside within the double layer on increasing the frequency. The ions are now typically displaced over distances, during a cycle of the external electric field, comparable to the linear dimension of double-layer thickness in the direction of the field. The double-layer structure is now restored and polarized on increasing the frequency of the external field. Again, the resulting dipolar interactions stabilize the chiral nematic. At very high frequencies the double-layer structure is expected to be undistorted, and one would expect the same behaviour as in the absence of the electric field. It is therefore not clear why the N-domains (which are also formed in the absence of an electric field) are not stable anymore at very high frequencies, and instead an isotropic state is observed. This might be due to electro-osmotic flows which are present in the I-state but not in the N-phase at zero field strength. These arguments remain speculative as long as a quantitative theory for double-layer polarization and the resulting interactions and phase transitions is not available.
